L ong non-coding RNAs (lncRNAs)
can be important regulators of various biological processes such as RNAdirected DNA methylation (RdDM). In the RdDM pathway, recruitment of the DNA methylation complex is mediated through complementary pairing between scaffold RNAs and Argonaute-associated siRNAs. Scaffold RNAs are chromatinassociated lncRNAs transcribed by RNA polymerase Pol V or Pol II, while siRNAs originate from Pol IV-or Pol II-dependent production of lncRNAs. In contrast to the vast literature on co-transcriptional and post-transcriptional processing of mRNAs, information is limited for lncRNA regulation that enables their production and function. Recently Arabidopsis RRP6L1, a plant paralog of the conserved nuclear RNA surveillance protein Rrp6, was shown to mediate RdDM through retention of lncRNAs in the chromatin, thereby revealing that accumulation of functional lncRNAs requires more than simply RNA polymerases. By focusing on the canonical RdDM pathway, here we summarize recent evidence that indicate co-transcriptional and/ or post-transcriptional regulation of lncRNAs, and highlight the emerging theme of lncRNA regulation by RNA processing factors.
DNA methylation is a major epigenetic mark that can confer transcriptional silencing. In plants and animals, complementary pairing between lncRNAs and small interfering RNAs (siRNAs) mediates de novo DNA methylation in a sequencespecific manner. [1] [2] [3] [4] [5] RdDM mainly target heterochromatic regions that are enriched with transposons (TEs) and other DNA repeat sequences. 6, 7 Paradoxical to its silencing function, RdDM requires low levels of initial transcription at its target loci to produce scaffold lncRNAs and the precursors of siRNAs.
lncRNAs as Precursors of siRNAs
In the canonical RdDM pathway that involves 24nt siRNAs, production of siRNAs predominantly depends on Pol IV. 8, 9 Pol IV is thought to transcribe its target loci to produce single-stranded non-coding RNAs that function as siRNA precusors, although these transcripts have yet to be identified, possibly due to their very low abundance and/or instability. Pol IV-dependent transcripts can be considered as lncRNAs because they function as precursors of siRNAs and are therefore apparently longer than and distinct from siRNAs. Pol IV-dependent lncRNAs are transcribed by the RNA-dependent RNA polymerase RDR2 into double-stranded RNAs, which are subsequently cleaved by DCL3, resulting in 24nt siRNAs that are stabilized by HEN1-catalyzed 3′-O-methylation and loaded onto AGO4 or its close paralogs (Fig. 1) . [1] [2] [3] [4] RDR2 physically interacts with Pol IV and requires the chromatin remodeler CLSY1 during synthesis of double-stranded RNAs, 10, 11 indicating that Pol IV-dependent lncRNAs may be retained on the chromatin to serve as templates of RDR2 transcription. Thus the co-transcriptional processing of Pol Emerging roles of RNA processing factors in regulating long noncoding RNAs IV-dependent lncRNAs probably is different from that of mRNAs.
Recruitment of Pol IV to its target loci can be mediated by DTF1/SHH1, which interacts with Pol IV and binds methylated histone H3 lysine 9 ( Fig. 1) . [11] [12] [13] At some RdDM loci, Pol IV recruitment and siRNA production require the histone deacetylase HDA6 and the DNA methyltrasferase MET1, 14 consistent with the notion that pre-existing chromatin marks contribute to Pol IV recruitment. While Pol IV is required for biogenesis of most 24nt siRNAs, Pol II generates 24nt siRNAs from inverted repeat sequences, where Pol II transcription produces lncRNAs that form double-stranded hairpin structures and can thus be directly cleaved by DCL3.
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Scaffold lncRNAs
Pol V-dependent lncRNAs and some Pol II-dependent lncRNAs are thought to function as chromatin-associated scaffold molecules to recruit Argonaute-bound siRNAs and consequently other components of the methylation complex. Production of scaffold lncRNAs is independent of either siRNA production or DNA methylation that is established through the RdDM pathway. 17, 18 Pol V transcription of lncRNAs requires the chromatin-remodeling complex DDR, which consists of DRD1, DMS3, and RDM1 (Fig. 1) . 16, 17, 19 Genome-wide chromatin occupancy of Pol V depends redundantly on SUVH2 and SUVH9, two methyl-DNA binding proteins that physically interact with several chromatin-remodeling proteins including the DDR complex.
20,21 SUVH2 and SUVH9 appear to recognize DNA methylation that is dependent on MET1, 21 which is the methyltransferase responsible for maintenance of DNA methylation in the symmetric CG context. 1, 22 Thus the initiation of Pol V-dependent lncRNA production is potentially determined by pre-existing epigenetic marks.
Pol V-dependent lncRNAs from the same locus displayed different 5′ ends, indicating that the initiation of Pol V transcription may be independent of potential promoters. 17 Similar to Pol II-transcribed mRNAs, some Pol V-dependent lncRNAs possess 7-methylguanosine caps at the 5′ ends, 17 indicating that Pol V-dependent lncRNAs can be subjected to RNA processing activities at least at the early stages of transcription. On the other hand, processing of lncRNAs does not resemble that of mRNAs in every way, because Pol V-dependent lncRNAs, unlike mRNAs, are devoid of polyadenylation at the 3′ ends. 17 
Retention of lncRNAs in the Chromatin for Proper Function
Recent evidence revealed that Pol V-dependent lncRNAs, and possibly Pol IV-dependent lncRNAs as well, are subjected to AtRRP6L1-mediated transcript retention in the chromatin (Fig. 1) . 23 AtRRP6L1 is a plant homolog of yeast Rrp6, which plays a central role in nuclear RNA surveillance that is known to confer non-coding RNA degradation and mRNA quality control, including exosomal RNA , two splicing factors that seem to function separately, affect the levels of pol v lncrNas via unclear mechanisms. Lower panel, pol iv can be recruited to its target loci by physical interaction with SHH1 that binds methylated histone H3 lysine 9 (H3K9me). rDr2 associates with pol iv and requires CLSy1 for synthesis of double-stranded rNas using pol iv-transcribed lncrNas as templates. atrrp6L1 may help retain pol iv lncrNas in the pol iv transcription complex to facilitate rDr2 transcription. accumulation of pol iv-dependent sirNas is reduced to varying extents by mutations in pre-mrNa splicing factors, including Sta1, Zop1, Sr45, MaC3a, MaC3B, MoS4, MoS12, and MoS14. the complementary pairing between scaffold lncrNas and sirNas leads to de novo DNa methylation in this canonical rdDM pathway.
decay and transcript retention triggered by defective RNA processing. 24, 25 While Rrp6-dependent RNA decay has been shown to eliminate numerous non-coding RNAs that mostly appear to be noisy byproducts of pervasive transcription, [26] [27] [28] [29] AtRRP6L1 displays a positive regulation of Pol V-dependent lncRNAs and Pol IV-dependent siRNAs. 23 Mutations in AtRRP6L1 reduce the levels of scaffold lncRNAs and siRNAs in the RdDM pathway, leading to DNA hypomethylation and release of transcriptional silencing. 23 Therefore, the positive regulation of functional non-coding RNAs by AtRRP6L1 is coherent with a role of Rrp6 proteins in eliminating useless non-coding RNAs, because such positive regulation ensures transcriptional silencing via RdDM that prevents production of unwanted noncoding RNAs. AtRRP6L1 associates with Pol V-dependent lncRNAs and maintains the levels of chromatin-associated lncRNAs, i.e., scaffold lncRNAs, but not those lncRNAs that have been released from chromatin, 23 suggesting that Pol V-dependent lncRNAs are subjected to AtRRP6L1-mediated transcript retention in the chromatin for a scaffold function. Pol V is present in the nucleoplasm and in perinucleolar foci, where AGO4 and the de novo DNA methyltransferase DRM2 are also localized and are therefore known as RdDM foci. 30, 31 AtRRP6L1 colocalizes with Pol V not only in the nucleoplasm but also in perinucleolar RdDM foci, 23 supporting that the retention of Pol V lncRNAs is integral to the RdDM process.
Pol IV-dependent lncRNAs are also expected to be retained in the chromatin to facilitate RDR2-dependent doublestranded RNA synthesis, because RDR2 physically interacts with Pol IV and is inactive without Pol IV in an in vitro assay. 11, 32 Therefore, the impaired accumulation of Pol IV-dependent siRNAs in atrrp6l1 mutants may be explained by the function of AtRRP6L1 in mediating lncRNA retention, although Pol IV-dependent lncRNAs have yet to be detected. In contrast to Pol IV-dependent siRNAs, neither tasiRNAs nor siRNAs that are derived from inverted repeats (IR) are decreased by AtRRP6L1 dysfunction. 23 Biogenesis of IR siRNAs does not require transcript retention for RNA-directed RNA polymerase action, since the Pol II-generated IR lncRNAs directly form double-stranded hairpin structures that are cleaved by DCL2 and DCL3 to generate 22nt and 24nt siRNAs, respectively. 15 Meanwhile, production of tasiRNAs would not require retention of precursor lncRNAs in the nucleus, because tasiRNA precursors are produced by Pol II and cleaved by miRNA-guided AGO1, and the resultant single-stranded RNA fragments require cytoplasmically localized RDR6 and SGS3 to generate double-stranded RNAs for subsequent tasiRNA production. 33, 34 The differential regulation of IR siRNAs, tasiRNAs, and Pol IV-dependent siRNAs by AtRRP6L1 suggest that AtRRP6L1 is not a general regulator of siRNA biogenesis, and are consistent with AtRRP6L1 mediating lncRNA retention in chromatin. These results, together with AtRRP6L1 regulation of Pol V-dependent lncRNAs, indicate that RNA retention may be specific to those lncRNAs that function in cis.
Splicing Factors Control Accumulation of lncRNAs and siRNAs
The levels of Pol V-dependent lncRNAs were shown to be reduced in the Arabidopsis mutants defective in RDM16 and STA1, both of which are pre-mRNA splicing factors (Fig. 1) . 35, 36 The rdm16 and sta1 mutants do not display altered mRNA accumulation or pre-mRNA splicing of known RdDM factors. 35, 36 Thus the effects of RDM16 and STA1 on Pol V lncRNA homeostasis are possibly direct, although the underlying mechanisms remain unclear.
STA1 is a protein that associates with the U5 snRNP complex, while RDM16 encodes a component of the U4/U6 snRNP complex. 35, 36 Nuclear immunostaining studies revealed that RDM16 is distributed throughout the nucleoplasm while STA1 is mainly present in nucleolus-associated Cajal bodies. 35, 36 Protein localization in Cajal bodies has been observed for some siRNA-producing RdDM factors, including RDR2, DCL3, and AGO4. 31, 37 Consistent with their nuclear localization patterns, STA1 but not RDM16 was found to be required for siRNA accumulation. Pol V reinforces production of some Pol IV-dependent siRNAs, in addition to transcribing scaffold lncRNAs. 9 While it is unclear how Pol V lncRNAs may be involved in the reinforcement of siRNA production, STA1 appears to be a connection between Pol V-dependent lncRNAs and siRNAs, because STA1-dependent siRNAs are almost exclusively Pol V-dependent. 36 Pol IV-dependent siRNA accumulation was also impaired in Arabidopsis mutants defective in several other RNA splicing factors, including ZOP1, SR45, MAC3A, MAC3B, MOS4, MOS12, and MOS14. 38, 39 ZOP1 physically associates with STA1 and, similar to STA1, is present in Cajal bodies where AGO4 is also localized. 38 Because AGO4 is a downstream factor in siRNA production and because Pol IV is not localized in Cajal bodies, 37 the presence of ZOP1 and STA1 in Cajal bodies suggests that these two splicing factors are involved in the downstream steps during Pol IV-dependent siRNA biogenesis. However, a role of ZOP1 in affecting Pol IV-dependent lncRNAs cannot be ruled out, since ZOP1 shows partial colocalization with Pol IV in the nucleoplasm. 38 In Arabidopsis, small RNA densities in gene regions are adversely correlated with the presence of introns. 40 This appears to argue against a positive role of RNA splicing in siRNA production. Meanwhile, the majority of RdDM targets are intronless TEs and intergenic regions. Therefore, the roles of RNA splicing factors in siRNA production during RdDM are likely decoupled from their functions in pre-mRNA splicing.
Conclusions
Functional lncRNAs are key regulators of many biological processes. In the canonical RdDM pathway, production of functional lncRNAs requires not only RNA polymerase transcription but also the activities of some RNA processing factors. Compared with mRNAs, lncRNAs exhibit both similar and dissimilar characteristics. Our recent results demonstrated the importance of AtRRP6L1-dependent lncRNA retention in mediating DNA methylation and transcriptional silencing. In addition, our results showed that premRNA splicing factors affect accumulation of lncRNAs and siRNAs in the RdDM pathway. The importance of RNA processing to lncRNAs is being increasingly recognized; meanwhile, new questions have arisen. For instance, the mechanism underlying Rrp6-dependent RNA retention is unclear; it remains to be elucidated how RNA splicing factors are involved in lncRNA and siRNA homeostasis; and the potential roles of other RNA processing factors in regulating lncRNAs remain to be explored.
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